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of Physics, and jjHoward Hughes Medical Institute, University of California, Berkeley, CaliforniaABSTRACT Single-molecule force spectroscopy has provided important insights into the properties and mechanisms of bio-
logical molecules and systems. A common experiment is to measure the force dependence of conformational changes at equi-
librium. Here, we demonstrate that the commonly used technique of force feedback has severe limitations when used to
evaluate rapid macromolecular conformational transitions. By comparing the force-dependent dynamics of three major classes
of macromolecules (DNA, RNA, and protein) using both a constant-force-feedback and a constant-trap-position technique, we
demonstrate a problem in force-feedback experiments. The finite response time of the instrument’s force feedback can modify
the behavior of the molecule, leading to errors in the reported parameters, such as the rate constants and the distance to the
transition state, for the conformational transitions. We elucidate the causes of this problem and provide a simple test to identify
and evaluate the magnitude of the effect. We recommend avoiding the use of constant force feedback as a method to study rapid
conformational changes in macromolecules.INTRODUCTIONIn recent years, the application of single-molecule force spec-
troscopy to the study of biological molecules has provided
insights thatwouldbe unobtainable by othermethods. Studies
ranging from the initial work on kinesin (6) andmyosin (7) to
investigations of polymerases (8) and the more-complicated
ring ATPases (9) have improved our understanding of the
properties and mechanisms of a variety of systems under
force, such as DNA structure (1,2), RNA folding (3), protein
folding (4,5), and various molecular motors.
A typical experiment follows the trajectory of a single
molecule in time, allowing for the observation of transient
or rare events that would otherwise be masked when
observing the average properties of a large number of mole-
cules in ensemble experiments. Applying force to the mole-
cule perturbs the energetics of the system, influencing
whether and to what extent conformational changes will
occur (10). Finally, the reaction is observed along a well-
defined order parameter, the end-to-end distance of the
molecule, that may serve as a good reaction coordinate.
Under certain conditions, one can infer landmarks along
this reaction coordinate, such as the distance to the transi-
tion state, by measuring the lifetimes (or rate constants) of
conformational states as a function of force, allowing for
a detailed mapping of the energy landscape.
The force dependence of these rate constants can be
described using a modified Bell’s relationship (11,12)
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0006-3495/12/10/1490/10 $2.00where, for an optical trap experiment, km represents the
contribution of experimental parameters such as the bead
size, trap stiffness, and handle length to the observed rate
constant; k0 is the intrinsic rate constant of the molecule
in the absence of force; F is the applied force; Dxz is the
distance to the transition state; k is the spring constant of
the system; kB is the Boltzmann constant; and T is the abso-
lute temperature (see Supporting Material). In this notation,
the applied force and effective spring constant of the system
are positive, and the distance to the transition state is posi-
tive from the folded state to the unfolded state and negative
from the unfolded state to the folded state. Although
formally Dxz is a function of force, experimentally over
small force ranges (~1 pN), Dxz is observed to be constant.
From this simple relationship, the distances to the transition-
state barriers (Dxz) are fully determined from the folding
and unfolding rates as a function of force.
Determining the distances to the transition state from
single-molecule experiments requires accurate measure-
ments and analyses to extract the lifetimes of the individual
states. The mode of force control (constant-force-feedback,
constant-trap-position, or constant loading rate) and other
parameters, such as the trap stiffness, bead size, tether length,
and viscosity, can influence both the behavior and the
observed measurements of the molecule. In addition, the
analyses can be complicated by factors such as noise, limited
sampling frequency, and missed transitions. Therefore,
investigators have developed several different strategies to
identify the states and determine the associated lifetimes or
rate constants (13–17). Previous studies evaluating the
equilibrium behavior of an RNA hairpin using both
constant-force-feedback and constant-trap position data did
not report on any differences between these two experiments
(18,19). Our evaluation of these studies, however, reveals
a significant error in the constant-force-feedback results,http://dx.doi.org/10.1016/j.bpj.2012.06.051
Limitations of Constant-Force Feedback 1491and suggests that this is a general problem for other constant-
force-feedback experiments.
Here, we revisit the effect of the constant-force-feedback
methods on the measurement of conformational lifetimes.
Using data from DNA, RNA, and protein systems in which
the molecules fold and unfold under either a constant-force-
feedback or constant-trap-position experiment, we identify
an unreported error arising from the feedback, which
directly affects and thereby alters the behavior of the mole-
cule. This change in behavior of the molecule contributes to
missed short-lived dwell times. We demonstrate that this
results in errors in the reported kinetic parameters, such as
the rate constants as a function of force, and the calculated
distance to the transition state, because they do not describe
the true force-dependent behavior of the molecule of
interest. Finally, given these limitations, we recommend
that constant-trap-position experiments should be used in
place of constant-force-feedback experiments for collecting
single-molecule force spectroscopy data on molecules
undergoing rapid conformational changes.MATERIALS AND METHODS
Preparation of single-molecule constructs
The p5ab RNA hairpin from Tetrahymena thermophilia was provided by
Jin Der Wen and Ignacio Tinoco, and prepared as described previously
(18). The DNA hairpin data were provided by Nuria Forns and Felix
Ritort (20). The wild-type sperm whale myoglobin gene was provided by
D. Barrick, and the H36Q mutant of apomyoglobin was prepared as previ-
ously described (21).Instrumentation
The data were collected using a dual-beam counterpropagating optical trap.
A piezo actuator controlled the position of the trap and allowed position
resolution to within 0.5 nm with drift of <1 nm/min (22). When operating
in constant-force-feedback mode, the feedback controls the position of
the trap and hence the force on the bead and molecule, with a frequency
of 2 kHz and a step size proportional to 10% of the force difference
between the two states. An average force could be maintained withinDistance
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Data were collected at 4 kHz and averaged down to 1 kHz before they
were written to disk. Due to hardware constraints from the limited
throughput of a USB 1.0 connection, ~40% of the data points at 4 kHz
were dropped. Therefore, the data at 1 kHz varied from an average of
one to four data points collected at 4 kHz, and consequently ~2% of the
data at 1 kHz were not reported. Because of the limited response time of
the feedback, the data were analyzed at a lower frequency (100 Hz). At
this frequency, the missed data at 1000 Hz due to the limitations of the hard-
ware did not affect the average force. All constant-force experiments and
the constant-trap-position experiments for the DNA hairpin were collected
at this sampling frequency. For the constant-trap-position experiments on
the RNA and protein systems, we recorded higher-frequency data at
50 kHz by bypassing the limiting hardware and recording the voltage
corresponding to the force on the tether directly from the position-sensitive
detectors.Equilibrium force spectroscopy experiments
Equilibrium single-molecule force spectroscopy experiments were carried
out using the optical trap described above. In this setup, a single molecule
is tethered between two polystyrene beads: a pipette tip holds a 2.1 mm
diameter bead in place by suction, and a counterpropagating dual beam
optical trap holds a second, 3.2 mm diameter bead (see Fig. 1). By moni-
toring the bead displacement within the trap, one can determine both the
force and the relative extension of the tether (23). The molecule of interest
(DNA, RNA, or protein) is attached to the beads through functionalized
double-strand DNA (dsDNA; referred to as dsDNA handles). These dsDNA
handles provide space between the bead surfaces and the molecule, prevent-
ing any nonspecific interactions with or between the beads from influencing
the behavior of the molecule. The dsDNA handles are attached to the target
molecule at specific sites to determine the axis along which the force is
applied (4,24). The effective spring constants were 0.03 5 0.01 pN/nm,
0.06 5 0.01 pN/nm, and 0.03 5 0.01 pN/nm for the DNA, RNA, and
protein molecules, respectively.
We carried out constant-force-feedback and constant-trap-position
experiments on three types of macromolecules (all of which were previ-
ously studied by the optical trap method): a DNA hairpin (20), p5ab
RNA hairpin (3,18), and protein sperm whale apomyoglobin at pH 5
(21). We monitored different observables in each experiment (trap position
for the constant-force-feedback experiments, and force for the constant-
trap-position experiments) to follow the trajectory of a single molecule.
For each experiment, the behavior of the single molecule was observed
for 60 s at a given force or trap position, during which time many folding
and unfolding events were observed (Fig. 2). For each molecule, thed Unfolded
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FIGURE 1 Optical trap experimental design. (a)
Geometry of experiments depicting bead attach-
ment via dsDNA handles to the macromolecule
of interest. (b) In a constant-force-feedback exper-
iment, the average bead distance from the trap
center (i.e., the average force) is maintained
constant by the force feedback controlling the posi-
tion of the optical trap. (c) In a constant-trap-posi-
tion experiment, the trap position is constant, and
as the molecule folds or unfolds, the bead distance
from the trap center changes, resulting in a change
in the force on the bead.
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FIGURE 2 Constant-trap-position and constant-force-feedback experi-
mental data. (a) Trap position and force versus time for a constant-trap-
position experiment. (b) Trap position and force versus time for a
constant-force-feedback experiment. Data averaged down to 100 Hz.
1492 Elms et al.behavior was observed at five or more different forces or trap positions.
These experiments were repeated on five or more different molecules.Constant-force-feedback experiments
During the constant-force-feedback experiments, when the molecule folds
(unfolds), the fiber becomes shorter (longer) and the force on the molecule
increases (decreases). The feedback responds to this change by moving the
position of the trap to maintain the force on the bead constant to a preset
value. This change in trap position reflects the conformation of the mole-
cule as defined by its end-to-end extension. Force feedback is fundamen-
tally limited primarily by the relaxation time of the mechanical
component that controls the position of the trap (22). After the trap has
been moved, the feedback has to wait several relaxation times before the
components become stable, before a second reading can be taken to imple-
ment another step in the feedback loop. Further, the feedback has to go
through several loops to move the trap position fully between the two states
(in the case of these experiments, 20 nm, the approximate distance between
the folded and unfolded state for the molecules studied here). In this setup,
the response time of the force feedback of the instrument limits the time-
scale at which the force is constant and at which the force and trap position
are analyzed to 100 Hz.Constant-trap-position experiments
In the constant-trap-position experiments, when the molecule undergoes
a folding (unfolding) transition, the force increases (decreases), and there-
fore the force measurements are used to infer the state of the molecule
indirectly. In this setup, the time resolution is greater than in a constant-
force-feedback experiment and is determined by the response time of the
bead in the trap rather than the response time of the feedback.We determined
the response time experimentally by measuring the power spectrum of the
force on the bead and determining the corner frequency of the system (25).
In our experiments, the corner frequency ranged between 1 kHz to 2.5 kHz.Data analysis
For all of the constant-force-feedback experiments, the data were averaged
down to 100 Hz before analysis. For the constant-trap-position experiments,
the data were averaged down to 100 Hz (for direct comparison with theBiophysical Journal 103(7) 1490–1499constant-force-feedback experiments) or subsampled down to 1000 Hz
(for analysis with the Bayesian hidden Markov model (BHMM) before
analysis. Relative force precision for measurements on a single trapped
molecule were very good (i.e. repeated measurements of ln(k) as a function
of force were highly reproducible). However, the force precision between
molecules was 5 0.5 pN and therefore each molecule was analyzed
separately.
To determine the kinetic parameters for the system, we identified each
state and determined its respective lifetimes at a given force using one
of two different approaches. The first is a simple partition method similar
to those used in previous studies (3,4,18), and was used for the 100 Hz
data to allow a more direct comparison with previously published results
as well as between the constant-trap and constant-force-feedback experi-
ments. Although this method is simple and direct, it requires clear resolu-
tion between the signals of each state. Poor separation between the two
states results in an overestimate of the number of transitions and a
corresponding underestimate of the average lifetime of the state (and hence
an overestimate of the rate constants for leaving the state). For data with a
lower signal/noise ratio, a second, more sophisticated approach, such as a
BHMM approach, is needed (26). For the data averaged to 100 Hz, the
partition method was sufficient given the resolution between the two states.
However, constant-trap-position experiments subsampled to 1000 Hz had a
lower signal/noise ratio and thus required the BHMM method. Application
of the BHMM method to all of the constant-force data was not feasible
because of the inherent drift in the data. A comparative study on a control
set of data (constant-force data with low drift) showed equivalent results
with each approach.Partition method
Using a histogram of the constant-force data with a bin size of 0.5 nm, we
set a partition to the minimum between the two Gaussian peaks. A transition
was detected when the signal crossed this partition, defining the beginning
or end of the lifetime of the state. At the measured average force, the inverse
of the average lifetime (i.e., the rate constant) is the maximum-likelihood
estimate for fitting the observed lifetime distribution with an exponential.BHMM
We analyzed the constant-trap-position experiments using a BHMM
approach (27–30). This Bayesian extension of the standard machine
learning approach of hidden Markov model (HMM) analysis (31) allows
one to quantify the experimental uncertainties directly by sampling from
the posterior of the model parameters (transition probabilities and Gaussian
state observable distributions) given the data, rather than by simply identi-
fying the maximum-likelihood model parameters as in the traditional HMM
approach. To that end, we augment the standard HMM likelihood function
with a prior that enforces the physical detailed balance constraint in the
transition matrix. Sampling from the posterior proceeds by a Gibbs
sampling approach, alternating updates of the reversible transition matrix
(32,33), the hidden state sequence, and the Gaussian state observable distri-
butions using standard techniques (27–30).
The BHMM code we used here sampled two-state models over the
measurement histories of force at constant-trap positions, producing esti-
mates of the average force that characterize each state and the transition
probabilities among the states, as well as confidence intervals (CIs) that
characterize the uncertainty in these values due to finite-sample statistics.
After subsampling the force data to 1000 Hz to produce Markovian statis-
tics (verified by examination of force-autocorrelation functions), the
method samples models consistent with the data using a Gibbs sampling
strategy that assumes the force measurements from each state (including
measurement error) are normally distributed about the average force for
that state. Here, the number of states was fixed to two after the two-state
nature of the data was verified by inspection of the force traces. The first
Limitations of Constant-Force Feedback 149350 BHMM samples after starting from the maximum-likelihood estimate
were discarded, and 1000 samples were subsequently generated to collect
statistics on average forces and transition probabilities, as well as to
generate the 95% CIs reported here. Matrices of rate constants K were
computed from transition matrices T(t) using the standard relationship
T(t) ¼ exp[K(t)] through the use of the matrix logarithm, where K is the
2  2 matrix of rate constants kij, and t is the observation time.
The MATLAB (The MathWorks, Natick, MA) code used for the BHMM
approach has been deposited and is freely obtained from http://simtk.org/
home/bhmm/. Complete implementation and validation details of this
code are described elsewhere (26).Determination of the distance to the transition
state and the coincident rate constants
For a given state, a linear fit of the natural logarithm of the rate constants at
each average force determined the distance to the transition state according
to the modified Bell’s model (Fig. 3). The crossing point between the two
linear fits determined the coincident rate constant (i.e., the rate constant
at which the folding and unfolding rate constants are equal). All reported
fits had R2 values > 0.9. The fit values reported were the average of at least
five different fibers each analyzed separately and with data collected from
five to 25 different average forces.Simulation
A simple simulation modeling the molecule’s behavior under constant-
force feedback was run at 10 kHz and assumed that the bead responded
instantaneously to a change in the force. At each time step, we calculated4
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FIGURE 3 Linear fits of the natural log of the rate constant (ln k) versus
force. (a and b) Fits of the constant-trap-position and constant-force-feed-
back data for the DNA hairpin. (c and d) Fits of the constant-trap-position
and constant-force-feedback data for the RNA hairpin. (e and f) Fits of the
constant-trap-position and constant-force-feedback data for the protein
system.the probability of a folding/unfolding transition at the instantaneous force
using the kinetic parameters measured from the constant-trap-position
experiments. Lifetimes were drawn from an exponential distribution deter-
mined by the kinetic parameters, and a random number generator deter-
mined whether a folding or unfolding event occurred, modeling the
stochastic nature of the events. The feedback controlled the position of
the trap, and therefore the force on the bead and molecule, with a frequency
of 2 kHz and a step size proportional to 10% of the force difference between
the two states. For each set of conditions, five simulated experiments were
averaged down to 100 Hz, analyzed using the partition method, and fit with
the modified Bell’s model. The initial effective spring constant was set to
0.1 pN/nm for the nucleic acid system and 0.05 pN/nm for the protein
system. The initial rate constants and the effective spring constants were
varied between sets of simulations to test the effect of these parameters
on the simulated experiment. Because the purpose of this simulation was
to probe the role of the changing potential in missed transitions, the simu-
lation neglected any changes in the signal/noise ratio and the intrinsic rate
constants as a function of the effective spring constant of the system.RESULTS
Constant-force-feedback experiments
Constant-force-feedback experiments on all three systems
(DNA, RNA, and protein) revealed many folding and un-
folding events for each single-molecule tether (Fig. 2) and
were repeated on multiple molecules. These experiments
revealed apparent two-state kinetics and extension changes
(Dxtotal (measured)) consistent with predictions based on
calculations given the native structure and a worm-like
chain model for the unfolded state (4,34,35) and previously
reported results for each of the molecules (3,18,20,21).
We analyzed each molecular tether separately to deter-
mine kinetic parameters, such as the rate constant, as a func-
tion of the average force (see Materials and Methods). Using
the modified Bell’s model, we then determined the coinci-
dent rate constants and the distance to the transition state
(Table 1 and Fig. 3). For all three systems, the sum of the
distances to the transition state (DxzFolding þ DxzUnfolding)
was inconsistent and significantly larger than the directly
measured change in extension (Dxtotal (measured); Table 1).
The sum of the calculated distances overestimated the total
measured extension change between the two states by an
average of 34% for both nucleic acid hairpins and 97%
for the protein.Constant-trap-position experiments
The constant-trap-position experiments also revealed
apparent two-state kinetics for each of the three molecules
and similar extension changes (determined from the change
in average force between the two states; Fig. 2). However,
unlike the constant-force-feedback experiments, the sums
of the distances to the transition state (DxzFolding þ
DxzUnfolding) were more consistent with the total measured
extension changes. Analysis of the data at 1000 Hz using
the BHMM method produced only slight overestimates of
2% for both nucleic acid hairpins and 9% for the protein,Biophysical Journal 103(7) 1490–1499
TABLE 1 Results from the linear fits of the ln k versus force for constant-force-feedback and constant-trap-position experiments
Molecule DxzUnfolding (nm)* Dx
z
Folding (nm)* DxTotal (sum) (nm)* DxTotal (measured) (nm)
y Ratio of DxTotal
z ln(kCoincident)*
Constant-force feedback (partition method, 100 Hz)
DNA hairpin 11.35 0.6 12.15 1.1 23.55 1.6 17.75 0.4 1.33 1.3 5 0.4
RNA hairpin 12.15 2.5 13.95 2.6 26.05 3.2 19.25 0.4 1.35 0.9 5 0.4
Protein 14.85 8.1 22.45 6.4 37.25 5.6 18.95 0.4 1.97 2.0 5 0.6
Constant-trap position (partition method, 100 Hz)
DNA hairpin 9.3 5 1.4 10.95 1.8 20.25 1.5 17.75 0.4 1.14 1.3 5 0.6
RNA hairpin 8.9 5 5.6 13.25 3.6 22.15 6.6 19.25 0.4 1.15 0.9 5 0.9
Protein 7.5 5 3.1 15.95 5.1 23.45 6.0 18.95 0.4 1.24 2.4 5 0.7
Constant-trap position (BHMM method, 1000 Hz)
DNA hairpin 7.8 5 0.7 10.25 0.9 18.05 1.3 17.75 0.4 1.02 1.7 5 0.5
RNA hairpin 7.9 5 1.9 11.65 2.1 19.55 3.1 19.25 0.4 1.02 1.5 5 0.7
Protein 6.1 5 1.1 14.45 3.9 20.55 3.2 18.95 0.4 1.09 2.85 0.7
*Average values reported with a 95% CI.
yDistance determined from fitting a histogram of the trap position from a constant-force-feedback experiment with two Gaussian distributions and deter-
mining the difference between the two Gaussian means with a 95% CI.
zRatio of the calculated sum of the distances to the transition state to the experimentally measured distance between the two states.
1494 Elms et al.but well within the error of the measurements (Table 1). To
make a direct comparison with the constant-force-feedback
experiments, we averaged these data down to 100 Hz and
evaluated them using the same partition method used
to analyze the constant-force-feedback experiments. The
resulting distances were closer to the measured distances
but overestimated the measured extension change by 14%,
15%, and 24% for the DNA, RNA, and protein molecules,
respectively. Thus, independently of the sampling
frequency, the constant-trap-position data yielded distances
more consistent with the observed extension changes.
In both experimental configurations, the resulting rate
constants as a function of force were fit using the modified
Bell’s model (Fig. 3) without any detectable nonlinearity
or change in the distance between the folded and unfolded
states over this narrow force range (~1 pN). Therefore,
more detailed models that account for changes in the end-
to-end extension of the molecule and the corresponding
changes of the distances to the transition state with force
(i.e., changes in the slope of ln k versus force) were not
warranted and would not have provided additional insight
(36). The distances to the transition state and the rate
constant at which the forward and reverse rate constants
are equal (the coincident rate constant (kc)) are shown in
Table 1. Results from the analyses of each individual mole-
cule are shown in Table S1.
The resulting kinetic parameters depend on the type of
experiment conducted and the frequency at which the data
were analyzed (see Table 1). The coincident rate constants
from the constant-force-feedback experiments are equal to
or less than those obtained with constant-trap-position
experiments. This trend is the opposite of what would be ex-
pected when considering the effect of the spring constants
on the system, because the constant-trap position experi-
ments (k > 0) should have lower rate constants than theBiophysical Journal 103(7) 1490–1499constant-force-feedback experiments (k¼ 0; see Supporting
Material). The magnitude of this discrepancy varies depend-
ing on the molecule. A comparison of the constant-
force-feedback experiments analyzed at 100 Hz and the
constant-trap-position experiments analyzed at 1000 Hz
shows differences in the coincident rate constants for the
DNA and RNA hairpin of 1.8 s1 and 2 s1, respectively,
whereas for the protein apomyoglobin, the difference in
the rate constant is 9 s1.DISCUSSION
For all three experimental systems studied (DNA, RNA, and
protein), the distances to the transition state should be the
same regardless of the experimental method used. The
sum of the two distances to the transition state should be
the same and consistent with the independently measured
extension change of the molecule. Any discrepancy in
these values indicates an error in the determined kinetic
parameters. In addition, the rate constants measured by
the constant-force-feedback experiment should be greater
than those measured by the constant-trap-position experi-
ment, due to the contribution of the effective spring constant
to the force-dependent barrier height (see Supporting
Material).
Although the deviation between the values obtained
depends on both the experimental mode and the specific
molecule measured, there are consistent trends in the
distances to the transition state and the coincident rate
constants. A comparison of the 100 Hz data analyzed with
the partition method reveals that the distances for the
constant-force-feedback experiments have significantly
greater error than those determined by the constant-trap-
position experiments. Analyzing the constant-trap-position
data at a higher frequency (1000 Hz) further reduces the
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FIGURE 4 Illustration of a hypothetical missed transition and its effect
on the measured rate constants and distances to the transition state. (a) Illus-
tration of a missed transition during a constant-force-feedback experiment,
showing the true (blue) and measured (red) behaviors of the molecule. (b)
The ln k versus force for the actual (blue) and measured (red) behaviors of
the molecule during a constant-force-feedback experiment. (c and d) The
distributions of long (c) and short (d) lifetimes are shown for two different
states, with the average lifetime marked by the red bar. The difference in the
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for a system with a total distance between the two states of 20 nm and an
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Limitations of Constant-Force Feedback 1495error and produces distances consistent with the expected
values. The coincident rate constants also show a clear
trend, with constant-trap-position experiments measuring
rate constants that are greater than or equal to the
constant-force-feedback experiments, in direct contrast to
expectations. In addition, for a given experimental method,
the error (as shown as the ratio of DxTotal in Table 1) in the
sum of the distances to the transition state are always greater
for the protein than for the nucleic acid hairpins.
Only two parameters—the frequency at which the data
were analyzed and the force feedback—could contribute
to the differences between the experiments, because all
other experimental variables (e.g., the molecular sample,
trap stiffness, bead size, and handle length) were the
same. The discrepancy is not a result of the analysis method
either, because both the partition and BHMM methods
yielded similar results when used to analyze the same
constant-force-feedback data set at 100 Hz (see Materials
and Methods).
One potential explanation for the discrepancies is missed
transitions. The issue of missed transitions for single-mole-
cule systems due to limited sampling bandwidth is not new,
and a variety of methods have been developed to deal with
these kinds of data (13–15). In our experiment, a missed set
of transitions (to and from one state) had two effects on the
calculated average lifetime or rate constant: an underesti-
mate of the number of events (N) and an overestimate of
the sum of the lifetimes (Sti). Both result in an overestimate
of the lifetime of the state. Indeed, the comparison of
the constant-trap-position date analyzed at 100 Hz and
1000 Hz clearly demonstrates this affect. However, this
cannot account for all of the discrepancies. A comparison
between the constant-force-feedback and constant-trap-
position data obtained at the same frequency (100 Hz)
reveals disagreement between the two experiments, indi-
cating that the error is not solely the result of the limited
sampling frequency. The force feedback must be causing
additional error in the measurements.
Due to the finite-time limitations of the force feedback,
the system can only maintain an average constant force
on a timescale greater than the timescale of the feedback
(10 ms for these experiments). Force fluctuations that occur
at shorter timescales could significantly modify the behavior
of the molecule and lead to inaccurate results in the force-
feedback mode. To illustrate this point, consider a molecule
in the unfolded state. When the molecule folds, the tether
becomes shorter and the bead in the trap moves, resulting
in a transient increase in the force. During this transient
high force, the unfolding rate constant (Eq. 1) increases,
which in turn increases the likelihood of the molecule un-
folding (i.e., the rate constant) before the feedback has
a chance to alter the position of the trap, resulting in a tran-
sition to and from the folded state that is missed (illustrated
in Fig. 4 a). During an experiment, transitions are therefore
missed when the molecule populates a given state for a timeshorter than the response timescale of the system. Because
the finite response time of the feedback changes the poten-
tial, which in turn changes the rate constants, the missed
transitions cannot be treated by the simpler analysis
methods that assume constant rate constants and have
been use to address other types of missed transitions, such
as those due to sampling rate limitations (13–15).
The measured behavior is very similar to what is observed
with a limited sampling rate. For example, when a short
transition is missed, it results in an erroneous observation
of a long lifetime (biasing the results to a longer average
lifetime or lower rate constant) and similarly results in the
erroneous absence of a short lifetime in the other state (simi-
larly biasing toward a longer average lifetime or lower rate
constant). Therefore, a missed transition increases the
measured lifetime of both states; however, the effect is
more pronounced in the longer-lived state. The magnitude
of the difference between the actual lifetime and the
measured lifetime is a function of the number of missed
transitions. This difference becomes larger at more extreme
forces when more transitions are missed to and from the
short-lived state relative to the long-lived state. As a conse-
quence, the measured change in the rate constants as a func-
tion of force (proportional to the distance to the transition
state) is also a function of the number of missed transitionsBiophysical Journal 103(7) 1490–1499
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tion state (Table 1 and Fig. 4 b).
The trends in the data are consistent with this changing
potential and missed transition hypothesis. For each system,
the measured hopping rates are equal to or lower in the
constant-force-feedback experiments than in the constant-
trap-position experiments. The distances to the transition
state are larger in the constant-force-feedback experiments
than in the constant-trap-position experiments, and, as
previously mentioned, the sums of these distances in the
constant-force-feedback experiments are inconsistent with
the independently determined distance between the equilib-
rium states of the system. This hypothesis also predicts that
the greater the coincident rate constant (measured by the
constant-trap-position experiments at 1000 Hz), the larger
will be the error in the distances to the transition state
as measured by the constant-force-feedback experiments.
A system with a greater coincident rate constant would,
on average, have shorter lifetimes in both states when
compared with a slower system. The shorter lifetimes result
in more missed transitions and a larger error in the distance
to the transition state. Both the DNA and RNA models have
similar coincident rate constants measured from a constant-
trap-position experiment, and consequently have the same
magnitude of discrepancy (~34%) in the total distanceTABLE 2 Results from the linear fits of the constant-force-feedbac
Molecule
Effective spring
constant (pN/nm)
Relative rate
constant*
DxzUnfolding
(nm) y
Nucleic acid hairpin
Initial parameters 7.9
0.1 0.25 ki 12.45 0.7
0.1 0.5 ki 13.95 0.9
0.1 1 ki 16.05 1.4
0.1 2 ki 27.25 2.8
0.1 4 ki 32.45 3.1
0.05 1 ki 9.95 0.5
0.075 1 ki 11.55 0.7
0.1 1 ki 16.05 1.4
0.125 1 ki 28.65 3.4
0.5 1 ki 45.15 10.3
Protein
Initial parameters 6.1
0.05 0.25 ki 11.15 1.2
0.05 0.5 ki 12.05 1.2
0.05 1 ki 22.75 3.3
0.05 2 ki 28.15 1.0
0.05 4 ki 29.05 3.1
0.01 1 ki 7.75 0.5
0.025 1 ki 9.95 0.8
0.05 1 ki 22.75 3.3
0.75 1 ki 32.25 3.6
0.1 1 ki 39.95 6.0
*Relative rate constants are reported as a multiple of ki, the intrinsic rate const
yAverage values reported with a 95% CI.
zRatio of the calculated sum of the distances to the transition state to the expect
Biophysical Journal 103(7) 1490–1499change. The protein has the largest coincident rate constant
(i.e., the fastest hopping rate and thus the greatest number of
missed transitions) and shows the largest distance error, with
a difference of 97%.
To better illustrate the discrepancies between the
constant-force-feedback and constant-trap-position experi-
ments, we ran a simple simulation. We evaluated two
models, one representative of the DNA and RNA systems
and the other representative of the protein system, using
kinetic parameters (e.g., the distance to the transition state
and the intrinsic rate constants as a function of force) based
on those measured by the constant-trap-position experi-
ments. We simulated constant-force-feedback experiments
using instrumental parameters such as the frequency and
amplitude of the force feedback. We then analyzed the
simulated data using the partition method in the same
manner employed for the experimental data. With these
simulations, we modeled the changing potential on the
system and the effect of the force-feedback and other exper-
imental parameters, such as the intrinsic rate constants of
the molecule (i.e., how fast the molecule hops) and the
effective spring constant of the system (1/keff ¼ 1/ktrap þ
1/ktether), on the measured kinetic parameters. The results
of the various simulations are shown for the nucleic acid
hairpin model and the protein model in Table 2.k simulated data
DxzFolding
(nm) y
DxTotal
(sum) (nm) y
Ratio of calculated
to expected DxTotal
z ln(kCoincident)
11.6 19.5 1 1.5
12.25 0.5 24.65 0.9 1.26 0.1
12.35 0.6 26.25 1.1 1.34 0.4
15.35 0.8 31.35 1.6 1.61 0.8
14.75 1.5 41.95 3.2 2.15 1.0
24.35 2.1 56.75 3.7 2.91 0.9
11.95 0.3 21.85 0.6 1.12 1.3
12.55 0.3 24.05 0.8 1.23 1.2
15.35 0.8 31.35 1.6 1.61 0.8
20.35 1.6 48.95 3.8 2.51 0.1
22.05 2.6 67.15 10.6 3.44 1.4
14.4 20.5 1 3.0
14.85 0.4 25.95 1.3 1.26 1.3
15.25 0.3 27.25 1.2 1.33 1.9
15.55 0.6 38.25 3.4 1.86 2.2
16.95 1.6 45.05 1.9 2.20 2.4
21.25 0.7 50.25 3.2 2.45 2.8
13.55 0.4 21.25 0.6 1.03 2.8
14.35 0.3 24.25 0.6 1.18 2.7
15.55 0.6 38.25 3.4 1.86 2.2
17.05 1.0 49.25 3.7 2.40 1.7
22.75 2.2 62.65 6.4 3.05 0.1
ants, measured from the constant-trap-position experiments.
ed sum of the distances to the transition states set in the initial parameters.
Limitations of Constant-Force Feedback 1497The simulations support the conclusion that the
discrepancy between the constant-force-feedback and
constant-trap-position experiments is primarily a product
of missed transitions, and the magnitude of the discrepancy
is proportional to the number of missed transitions. The
simulations of both types of molecules (nucleic acid hair-
pins and protein) under similar experimental conditions re-
sulted in distances to the transition state similar to those
obtained in the corresponding constant-force-feedback
experiments, validating the simulation (Table 2). Changes
in the simulation parameters for the system (i.e., the
intrinsic rate constants or the effective spring constant of
the system) changed the measured kinetic parameters. For
example, decreasing the intrinsic rate constants resulted in
longer lifetimes and fewer missed transitions, and conse-
quently the measured coincident rate constants and
distances to the transition state were closer to the true
values. Increasing the initial intrinsic rate constants resulted
in more missed transitions and larger deviations in the
measured kinetic parameters. A larger effective spring
constant resulted in a larger change in the force and conse-
quently a larger change in the lifetime of the state. This re-
sulted in more missed transitions and hence a larger
deviation between the calculated and true rate constants
and distances to the transition state (illustrated in Fig. 4 b).
These issues, of course, depend very much on the relative
timescales of the molecular transitions and the feedback.
One can determine the validity of a constant-trap or
constant-force-feedback experiment by comparing the sum
of the distances to the transition state with the measured
extension change of the molecule. If the values are commen-
surate, then the number of missed transitions is negligible.
In addition, for a given force, a lower limit of the number
of missed transitions can be estimated assuming the
response time is instantaneous after a delay time of tf, as
illustrated in Fig. 4, c and d. The fraction of missed transi-
tion (fm) can be estimated by
fm ¼ 1 exp

 tf kA exp

DFAB$Dxz
kBT

; (2)
where kA is the rate constant in state A, DF is the change in
force between the two states, Dxz is the distance to the tran-
sition state, kB is the Boltzmann constant, T is the absolute
temperature, and tf is the response time of the system,
limited by either the corner frequency of the system or the
response time of the feedback. Using the parameters from
the constant-trap-position experiment, one can estimate
the number of missed transitions at a given force for the
constant-force-feedback experiments. In addition, this
relationship can be used to estimate the number of missed
transitions from a constant-force-feedback experiment as
a further check on the validity of the experiments. This rela-
tionship, however, cannot be used to correct for missedtransitions without prior knowledge of the true kinetic
parameters.
In the constant-trap-position experiments, the effective
spring constant of the system influences the results, and
this raises the question as to what effective spring con-
stant should be chosen for a given experiment. Compared
with a true constant-force experiment (or passive force
clamp with k ~ 0 pN/nm) (12), a positive spring constant
provides several advantages in terms of the experimental
design. First, the response time of the bead is determined
by the spring constant of the system: the stiffer the trap,
the faster is the response time of the bead (i.e., the corner
frequency is higher), which enables a faster sampling time
for a system with a positive spring constant (25). Second,
the average lifetime of a state increases, as discussed
in the Supporting Material. These two factors (i.e., a
higher sampling frequency and longer average lifetimes)
decrease the likelihood of missing transitions. Third, a
higher stiffness increases the force signal/noise ratio
and, if a dual-trap geometry is used, the observation of
both beads results in a higher signal/noise ratio (37). In
addition, for slower systems in which missed transitions
are not a concern, de Messieres et al. (38) showed that
a polymer constrained by a positive spring constant allows
equilibrium behavior to be measured more efficiently. A
more practical consideration is that a true constant-force
experiment requires a second detection laser because
there is no change in the force on the trapped bead and
therefore no detectable change in the signal of the trap-
ping bead, increasing the complexity and cost of the
instrument (12).
In sum, a higher positive spring constant will increase the
sampling frequency, the lifetimes of the states as a function
of average force, and the force signal/noise ratio, and thus
provide the greatest resolution (in both time and force)
and the highest-quality data. If the effective spring constant
is too stiff, the large force change between the two states
will result in a system that may not hop under the experi-
mental observation time. Therefore, although a positive
spring constant is desirable, an excessively stiff spring
constant will impose additional constraints.
We conclude that the constant-trap-position experiment
with sampling frequency limited only by the response
time of the bead is the better experiment for measuring state
lifetimes and determining distances to the transition state
using the modified Bell’s model. Force feedback will always
have a slower response time than a constant-trap-position
experiment because of the delay time caused by the feed-
back loop and relaxation time of the mechanical compo-
nents of the system. Force fluctuations below this
frequency can affect the kinetics of the system. Further,
because of these force fluctuations, the molecule is not
held at a constant force with the feedback creating
a changing potential on the system. Thus, the analysis of
the data at a constant force is not valid.Biophysical Journal 103(7) 1490–1499
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In summary, we have identified an error arising from force
fluctuations and missed transitions during constant-force-
feedback experiments on systems that hop between two or
more states. This study demonstrates that the constant-
force-feedback experiments for all the systems studied
here result in an underestimate of the rate constants and
an overestimate of the distances to the transition state. We
conclude that a constant-trap-position experiment with
a constant potential and a sampling frequency limited only
by the response time of the trapped bead is superior to a
feedback experiment for measuring state lifetimes and
determining distances to the transition state for macromole-
cules that undergo rapid conformational changes. Regard-
less of the particular experiment used (i.e., constant-force
feedback or constant-trap position), if the system has life-
times that are shorter than the response time of the bead,
transitions will be missed, potentially resulting in errors in
the measured kinetic parameters. This point emphasizes
the importance of confirming that the sum of the distances
to the transition state equals the independently determined
distance between the equilibrium states of the system.SUPPORTING MATERIAL
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